Rationale Sazetidine-A is a selective α4β2 nicotinic receptor desensitizing agent and partial agonist. It has been shown in previous studies to significantly reduce nicotine selfadministration in rats after acute or repeated injections. However, the effects of continuous chronic infusions of sazetidine-A on maintenance of nicotine self-administration and relapse after abstinence have yet to be examined. Objectives This study evaluated the efficacy of continuous sazetidine-A infusions (sc) over a period of 4 weeks to reduce nicotine self-administration in male and female Sprague-Dawley rats. Methods Sazetidine-A was administered via Alzet osmotic minipumps to young adult female and male rats at doses of 0, 2 or 6 mg/kg/day for 4 weeks. The effects of sazetidine-A on IV nicotine self-administration were examined in repeated 3-h sessions over the first 2 weeks of infusion followed by 1 week of forced abstinence from nicotine and 1 week of resumed nicotine access. Results The 6 mg/kg/day sazetidine-A dose significantly reduced overall nicotine self-administration compared with vehicle control across the sessions for both male (p<0.001) and female (p < 0.05) rats. The lower 2 mg/kg/day sazetidine-A infusion dose was effective in reducing nicotine self-administration for male (p<0.001), but not female rats. No attenuation in sazetidine-A effectiveness was seen over the course of the 4-week treatment. In the vehicle control group, male rats self-administered significantly (p< 0.001) more nicotine than females. Conclusions The continuing effectiveness of sazetidine-A in reducing nicotine self-administration in both male and female rats supports its promise as a new treatment to help people successfully quit smoking.
Introduction
Nicotine addiction remains a major public health problem. Currently approved tobacco/smoking cessation treatments including various types of nicotine replacement, bupropion, and varenicline provide some improvement in cessation rates (Fiore et al. 1994; Jorenby et al. 2006; Levin et al. 1994; Rollema et al. 2007 ), but there is still considerable room for improvement, and new more effective treatments are needed. In addition, a greater diversity of effective treatments will help with the tailoring of the most effective therapy to the needs of the diverse smoker population. Many of the available treatments focus on nicotine's action at neuronal nicotinic acetylcholine receptors (nAChRs). Nicotine both activates and desensitizes nAChRs (Katz and Thesleff 1957; Quick and Lester 2002) , but the relative roles of nAChR activation and desensitization for the pharmacological effects of nicotine are still unclear. Better understanding the relative roles of nAChR activation and desensitization in nicotine reinforcement and self-administration should help in the development of more effective treatments to aid smoking cessation.
Current treatments that focus on nAChRs have been successful in reducing nicotine self-administration in the short-term, but have failed to produce long-term effects for the majority of smokers. One such pharmacological treatment is varenicline (Rollema et al. 2007 ). Varenicline, a partial α4β2 agonist, has been shown to reduce smoking relative to placebo and bupropion (Jorenby et al. 2006) , but it has several potential drawbacks. For example, there is a relatively high rate of adverse side effects associated with varenicline including nausea, abnormal dreams, and more rarely exacerbation of psychiatric symptoms (Freedman 2007; Morstad et al. 2008 ). These side effects may be due to actions at α3β4* and/or α7 nAChRs, rather than the α4β2 subtype. A drug that more selectively affects the α4β2 receptor may be less likely to produce the adverse side effects associated with varenicline. One possibility is the more α4β2-selective drug sazetidine-A.
Sazetidine-A [6-(5((S)-azetidin-2-yl)methoxy)pyridine-3-yl-1-ol] is a recently developed nAChR partial agonist with a high affinity and selectivity for α4β2 receptors. This compound potently desensitizes α4β2 receptors and has a long lasting effect in cells (Xiao et al. 2006) . Similar to other compounds that act at the α4β2 receptors, such as varenicline (Jorenby et al. 2006) , sazetidine-A has been found to be effective in reducing nicotine self-administration after both acute and repeated administration at 3 mg/kg, with only modest effects on locomotion and food-motivated responding Rezvani et al. 2010) . However, the effectiveness of a chronic long-term, continuous infusion has yet to be evaluated.
Moreover, important sex differences have been found in nicotine self-administration by rats, as well as smoking cessation by people. Therefore, we believed it is important to consider sex differences when examining both nicotine selfadministration and when evaluating the effectiveness of a compound to reduce nicotine self-administration. Sex differences in a rodent model of nicotine self-administration have previously been explored (Chaudhri et al. 2005; Donny et al. 2000; Rezvani et al. 2008 ). In the earlier study, Donny et al. (2000) reported that female rats acquired nicotine selfadministration more rapidly than male rats and had a higher break point on a progressive ratio (PR) schedule. However, whether this sex difference was due to differential sensitivity to nicotine or the presentation of a visual stimulus was initially unclear. It was later confirmed that female rats both acquired nicotine self-administration quicker and responded more on the active lever both in the presence and absence of the visual stimulus (Chaudhri et al. 2005) . Females also selfadministered more than males in a study where animals had 6-OHDA lesions (Rezvani et al. 2008 ). In a rodent nicotine self-administration model, females consistently responded more than males for nicotine, suggesting that males and females might also respond differentially to similar pharmacological treatments. Acute sazetidine-A, has been found to significantly reduce nicotine self-administration in both male and female rats Rezvani et al. 2010) . Repeated sazetidine-A injections significantly reduce nicotine self-administration in female rats but male rats remain to be evaluated Rezvani et al. 2010) .
The aim of the present study was to evaluate the effectiveness of 4 weeks of continuous infusion of sazetidine-A in reducing nicotine self-administration in both male and female Sprague-Dawley rats. With the constant infusion, we could distinguish the effects of the sazetidine-A across the course of 3-h nicotine self-administration sessions without the varying pharmacokinetics seen after an acute injection. The persistence of the sazetidine-A effects was measured for 2 weeks of nicotine access as well as an additional week of resumed access after a 1-week period of enforced abstinence. It was hypothesized that sazetidine-A would effectively reduce nicotine self-administration in both males in females for the entire period of treatment with differential sensitivity between the sexes.
Methods

Subjects
Young adult male (n030) and female (n026) SpragueDawley rats (Taconic Lab, Germantown, NY, USA) were used in the present study. Animals were individually housed in a temperature-controlled vivarium room located adjacent to the nicotine self-administration testing room. Animals were maintained on a 12:12 reverse light-dark cycle so that experimental sessions occurred during the active part of the rats' diurnal cycle. Animals were given ad libitum access to water at all times excluding experimental sessions, and were fed daily 20-30 min after the completion of their experimental session and were maintained at roughly 85% of freefeeding weight. Males were fed 21-23 g of feed daily and their weights ranged from 180-300 g (start to end of study). Females were fed 17-19 g of feed daily. Their weights ranged from 150-250 g (start to end of study). Animals progressively and healthily gained weight throughout the study. At the end of the study, catheter patency tests were conducted and two animals with an obstructed catheter were dropped from the study.
Drug treatment
Sazetidine-A was synthesized as described previously (Xiao et al. 2006 ) and supplied by RTI, International via NIDA. Sazetidine-A was delivered sc continuously for 4 weeks via osmotic minipumps (Alzet model 2ML4, Durect Inc., Cupertino, CA, USA) at one of three doses: 0, 2, or 6 mg/ kg/day. Sazetidine-A was delivered for the first 2 weeks with daily access to nicotine self-administration sessions, followed by 1 week of enforced abstinence from nicotine, and 1 week of resumption of nicotine access.
Nicotine bitartrate solutions were prepared weekly in sterilized isotonic saline. The dose used for selfadministration (0.03 mg/kg/infusion) was calculated as a function of the nicotine free base weight. The pH of the nicotine solution was adjusted to 7.0 using NaOH, and the solution was filtered in a Nalgene filter (Nalgene Nunc International, Rochester, NY) for sterilization. Between sessions, all nicotine was kept in a dark refrigerator.
Behavioral procedures
Before the start of nicotine self-administration sessions, all animals were trained to lever press in a standard dual-lever experimental chamber (Med Associates, St. Albans, VT, USA) for food reinforcement. Each chamber was equipped with two levers (one active, one inactive), two cue lights located directly above each lever, a house light, and a tone generator. After lever pressing was established, animals experienced three sessions of lever pressing for food under a fixed ratio (FR) 1 schedule of reinforcement. Following the completion of their final training session with food reinforcement, animals were anesthetized with a mixture of ketamine (60 mg/kg) and dormitor (15 mg/kg), and a catheter (Strategic Application Inc., Libertyville, IL, USA) was implanted into their jugular vein. The jugular catheter was attached to a harness that could be tethered to the infusion pump during experimental sessions. Animals were given a minimum of 24 h to recover from surgery before experiencing nicotine self-administration sessions.
Following surgery, animals experienced five experimental sessions where a correct lever press resulted in the delivery of a nicotine infusion on a FR 1 schedule of reinforcement, and the activation of a feedback tone for 0.05 s. Each infusion was followed by a 1-min period where the cue lights went out, the house light came on, and correct responses were recorded but not reinforced. After the initial five sessions of nicotine self-administration, the osmotic minipumps containing either saline or one of two doses of sazetidine-A (2 or 6 mg/kg/day) were implanted under ketamine anesthesia, and animals then experienced 2 weeks of nicotine self-administration sessions followed by 1 week of enforced abstinence during which the rats were not tested, and 1 week of resumption of nicotine access. Each session lasted for 3 h with 5 sessions occurring per week (MondayFriday).
The catheters were flushed daily, before the experimental sessions, with a 100U/ml heparinzed saline solution. After the completion of a test session, nicotine remaining in the port was removed, and a 0.3 ml sterile lock solution containing 500U/ml of heparinized saline and 8 mg/ml of gentamicin was infused (American Pharmaceutical Partners, Schaumberg, IL).
Data analysis
The data were evaluated with a mixed between-and withinsubject design analysis of variance (ANOVA). Sazetidine-A dose and sex were between-subjects factors. Weeks of testing and 15-min time blocks within session were withinsubjects factors. An alpha level of p<0.05 was used to determine statistical significance. Significant interactions were followed by tests of the simple main effects. Dunnett's test was used to compare each of the sazetidine-A dose groups to control.
Results
Pretraining
During the three-pellet training sessions, there was a significant effect of sex (F(1,54)042.41, p<0.0005) with males earning a mean of 123.6±4.7 pellets per session and females earning 82.9±4.0. During the five sessions of initial training for nicotine self-administration, there was a significant main effect of session (F(4,216)05.25, p<0.005). The mean number of nicotine infusions per session rose from 10.1±0.7 during the first session to a peak of 16.4±0.8 during the third session to 12.5±0.7 during the fifth session. There was also a significant main effect of block within session (F(11,594) 021.99, p<0.0005). The main effect of sex was not significant. There was a significant sex×15-min time block within session interaction (F(11,594)01.86, p<0.05). Follow-up trend analyses over the time blocks for each sex showed that for males, only the linear (p<0.0005) and quadratic (p <0.0005) trends were significant. For females, the linear (p < 0.0005), quadratic (p < 0.0005), cubic (p < 0.0005), quartic (p<0.025) trends were significant. As can be seen in Fig. 1 , the nicotine self-administration for the females showed rapid decline after the initial burst in responding for nicotine followed by a significant undulating pattern with discrete periods of increasing and decreasing nicotine self-administration. In contrast, the males showed a far simpler pattern of initial high responding with a smoother decline in responding.
Sazetidine-A effects
Sazetidine-A significantly (F(2,49) 08.27, p < 0.001) decreased nicotine self-administration with no appearance of diminished effectiveness across 2 weeks of continued nicotine access and during the resumption week after enforced abstinence, as well (Fig. 2) . The main effect of sex was not significant, but there was a significant sazetidine-A×sex interaction (F(2,49)03.38, p<0.05). Tests of the simple main effects of sazetidine-A within each sex showed that for males, both the 2 mg/kg/day (p<0.005) and 6 mg/kg/day (p<0.005) significantly reduced nicotine self-administration, while females experienced significant reduction (p<0.05) at the 6 mg/kg/day dose only (Fig. 2) . There was also a significant main effect of block within session (F(11,539)016.76, p< 0.0005). There was no apparent decrease of effectiveness of sazetidine-A over the course of weeks (Fig. 3a) in either males or females (Fig. 3b) . During the course of the 3-h test session of the sazetidine-A, effects were most apparent after the initial burst of responding (Fig. 4) . The sazetidine-A-treated rats settled into a lower asymptotic level of nicotine selfadministration after the initial flurry of self-administration during the first 15-min block. This pattern was consistent across weeks.
Discussion
Chronic sazetidine-A sc infusions over a course of 4 weeks significantly decreased nicotine self-administration in both male and female rats with no indication of a lessening of effect with continuing treatment, but appeared to be more potent in males than females. During the course of the 3-h self-administration sessions, sazetidine-A had its most prominent effect in reducing the asymptotic levels of nicotine self-administration rather than the initial burst of responding at the beginning of each session. Sazetidine-A induced reduction of nicotine self-administration was more prominent in males probably because under control conditions, male rats self-administered more nicotine than females. The sazetidine-A treatment eliminated this sex difference.
In previous studies, we have shown that acute sazetidine-A treatment significantly reduced nicotine self-administration in male and female rats Rezvani et al. 2010) . Continued efficacy was seen with repeated injections over 2 weeks. The effective injection dose did not significantly alter locomotor activity over a 1-h session, though there was some reduction in activity during the initial part of the session. In addition, recent unpublished data in our laboratory has shown that sazetidine-A, at 6 mg/kg delivered via osmotic pump, decreased response latency and errors of omission on an attention task. These unpublished data support the interpretation that sedative effects at the dose range evaluated were not responsible for the decrease in nicotine self-administration. While we did find that acute sazetidine-A did significantly reduce responding for food pellets, the sazetidine-A effect on food administration (83% of baseline) was significantly and consistently less than the effect on nicotine administration (43% of baseline). Alternatively, animals that received sazetidine-A self-administered nicotine 60% less than control animals and administered food 28% less than control animals. This supports a greater effect of sazetidine-A on nicotine maintained responding.
Furthering this line of research, the current study showed that continuous infusions of sazetidine-A over 4 weeks significantly reduced nicotine self-administration in male and female rats, with no sign of diminished response over that period. The lower sazetidine-A dose (2 mg/kg/day) lowered nicotine self-administration by 41% during the first week of treatment, 45% during the second week, and 38% during the fourth week of treatment after 1 week of enforced abstinence. The higher sazetidine-A dose (6 mg/kg/day) reduced nicotine self-administration by 51% during the first week, 53% during the second week, and 55% during the fourth week of treatment after 1 week of enforced abstinence.
Use of continuous infusion allowed the discrimination of effectiveness for sazetidine-A over the course of the 3-h test sessions without the confound of shifting drug levels over that time as with acute or repeated injections. As shown in Fig. 4 , the principal effect of sazetidine-A was in reducing the continuing baseline of nicotine self-administration during middle and later portions of the sessions rather than during the burst of nicotine self-administration during the initial 15-min interval of a session. This was true throughout nicotine access: the first 2 weeks of therapy, as well as during the week of resumed access (week 4 of therapy) after a week of enforced abstinence. This could have implications for treatment. While sazetidine may not affect the initial loading phase, the present study suggests sazetidine-A could effectively reduce smoking over the course of a day and may provide efficacy in reducing the risk of slips turning into relapses. Whether this is the case, it needs to be determined in further research.
Varenicline was found to also reduce alcohol consumption and seeking in rats (Steensland et al. 2007 ) and even in Fig. 4 Chronic sazetidine-A effects on nicotine selfadministration during 15-min blocks during the 3-hr session for both sexes. humans (McKee et al. 2009 ). Similarly, sazetidine-A was also shown to reduce alcohol intake after acute and repeated administrations . In that study, alcoholpreferring rats experienced significantly reduced alcohol consumption, even after alcohol post-deprivation when alcohol consumption is usually increased. Similar to the present study, sazetidine-A administration also reduced nicotine self-administration in previous studies Rezvani et al. 2010) . These findings suggest that nicotine and alcohol share similar neuronal mechanisms, and desensitizing α4β2 nicotinic receptors with chronic sazetidine-A might be an effective treatment in reducing both nicotine and alcohol intake. Male rats in the vehicle condition earned significantly more nicotine infusions on average than female rats over the course of the first 2 weeks and the resumption week. In contrast, several studies have shown female rats earning more nicotine infusions than male rats (Chaudhri et al. 2005; Donny et al. 2000; Lynch 2009; Rezvani et al. 2008) . However, the sex difference observed in the vehicle condition was not present during the five sessions of initial training for nicotine self-administration. It is unlikely that deprivation levels played a role in this sex difference as males and females were fed sex-appropriate amounts to maintain approximately 85% of free-feeding weight. It is possible that the differences that emerged after the osmotic pump implantation were merely due to sex differences in the reaction or recovery from an additional surgery. Another possibility is that males and females achieved differing plasma concentrations of sazetidine-A. Of course this was unlikely an issue for the present study as the sex differences emerged during the vehicle condition, but it could be an important variable to consider for subsequent studies.
Despite this sex difference in vehicle responding, sazetidine-A was still effective in reducing nicotine selfadministration in both sexes. Further, the two sexes can be viewed as two different groups of smokers. While these two groups had different baseline levels of nicotine selfadministration, sazetidine-A was effective in reducing nicotine self-administration for both groups with disparate levels of baseline nicotine self-administration. This result suggests some evidence of the generality of sazetidine-A's ability to reduce nicotine self-administration across a wide range of nicotine consumers.
Sazetidine-A remains a candidate for treating nicotine dependence. Sazetidine-A was effective in reducing nicotine self-administration for both males and females, which each represented different levels of nicotine self-administration before sazetidine-A treatment. However, additional compounds that selectively desensitize α4β2 nicotinic receptors should be tested to further prove the utility and specificity of drugs with this mechanism of action in reducing nicotine self-administration. Future studies should investigate the specificity of the effect further. Questions addressing whether the agonist action or desensitizing action play a more critical role, or whether the combination of these two effects is important should be explored.
In summary, treatment based on desensitization of α4β2 nicotinic receptors such as that induced by sazetidine-A may be useful for promoting cessation of tobacco smoking and should be investigated further for this possible use.
